Given the numerous reparative roles glia may play after spinal cord injury (SCI), glial proliferation and cell number were examined in a model of traumatic SCI. Emphasis was placed on analysis of oligodendrocytes and NG2-positive (NG2ϩ) cells, an endogenous cell population that may be involved in oligodendrocyte replacement. Overall, proliferation (assessed by bromodeoxyuridine incorporation) was markedly elevated during the first 2 weeks after injury and declined thereafter; a large portion of these dividing cells likely consisted of microgliamacrophages. Although the total number of NG2ϩ cells in the epicenter was reduced by half, we noted protracted proliferation in surviving NG2ϩ cells, with values sevenfold greater than in uninjured controls. Elevated proliferation of NG2ϩ cells persisted throughout the first 4 weeks after injury. However, the absolute number of NG2ϩ cells was not increased over controls, suggesting that the daughter cells either did not survive or they differentiated into other cell types. As expected, oligodendrocyte numbers were drastically altered after SCI. By 7 d after injury, the number of oligodendrocytes at the impact site was reduced by 93%. Despite ongoing tissue loss, the number of oligodendrocytes in spared tissue rose threefold at 14 d after injury. Although the function of NG2ϩ cells within the spinal cord is not completely understood, several studies suggest that they may differentiate into oligodendrocytes. Thus, proliferating NG2ϩ cells may contribute to the increased oligodendrocyte number observed at 2 weeks after injury. Future studies are required, however, to definitively determine the role NG2ϩ cells play in oligodendrocyte genesis, remyelination, and other postinjury events.
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After spinal cord injury (SCI), tissue damage occurs at the impact site (i.e., epicenter) and spreads rostrally and caudally over time (for review, see Schwab and Bartholdi, 1996) . This evolving lesion is characterized by prevalent oligodendrocyte apoptosis and loss of myelin around surviving axons (Gledhill et al., 1973; Harrison and McDonald, 1977; Balentine, 1978; Griffiths and McCulloch, 1983; Blight, 1985; Olby and Blakemore, 1996; Crowe et al., 1997) . Demyelination of otherwise intact axons can lead to conduction failure and may contribute to the early functional deficits observed after spinal trauma. As seen in several animal models of SCI, axonal demyelination typically peaks during the first week after injury (Gledhill et al., 1973; Blight, 1985) . Remyelination by oligodendrocytes and, depending on injury severity, infiltrating Schwann cells usually begins by 14 d after injury (Gledhill et al., 1973; Harrison and McDonald, 1977; Griffiths and McCulloch, 1983; McTigue et al., 2000) . By 1 month after SCI, most axons have been remyelinated, although the new myelin sheaths are not as thick as those before injury (Blakemore, 1974; Gledhill and McDonald, 1977) .
Work by Blakemore and Patterson (1978) has shown that remyelination can be prevented by inhibiting cell division with x-irradiation, leading to the conclusion that mitosis is a prerequisite for CNS remyelination. Several studies, however, suggest that mature oligodendrocytes do not proliferate in response to demyelination or trauma (Keirstead and Blakemore, 1997; Amat et al., 1998; Carroll et al., 1998; Redwine and Armstrong, 1998) . Thus, because proliferation is required for remyelination, it is unlikely that surviving oligodendrocytes contribute to this process after spinal cord trauma.
Interestingly, an oligodendrocyte progenitor cell population has been isolated from the adult CNS (ffrench-Constant and Raff, 1986; Wolswijk and Noble, 1989) . These cells, which are as abundant as microglia and astrocytes (Chang et al., 2000) , are found throughout the gray and white matter and can be visualized with antibodies against the platelet-derived growth factor-␣ (PDGF) receptor or the chondroitin sulfate proteoglycan NG2 (Stallcup and Beasley, 1987; Levine et al., 1993; Reynolds and Hardy, 1997; Nishiyama et al., 1999) . Several lines of evidence suggest that these cells may contribute to remyelination. For instance, under appropriate in vitro conditions, oligodendrocyte progenitor cells from the adult CNS divide and differentiate into mature oligodendrocytes (ffrench-Constant and Raff, 1986; Wolswijk and Noble, 1989) . Recently, it was shown that chemical demyelination of the spinal cord induced rapid proliferation of endogenous NG2-positive (NG2ϩ) cells before remyelination of the lesions (Carroll et al., 1998; Keirstead et al., 1998; Levine and Reynolds, 1999) . If these spinal cords were x-irradiated, neither NG2 cell proliferation nor remyelination occurred, suggesting that the NG2ϩ cells were involved in the remyelination process (Keirstead et al., 1998) . Furthermore, after transplantation into demyelinated spinal cords, oligodendrocyte progenitors differentiate into oligodendrocytes, which then successfully myelinate the bare axons (Groves et al., 1993; Franklin et al., 1995) . Thus, these cells are responsive to CNS injury and play a role in remyelination.
In addition to replacing oligodendrocytes, a recent study suggests that, under appropriate culture conditions, oligodendrocyte progenitors isolated from the optic nerve also may give rise to neurons (Kondo and Raff, 2000) . These results suggest that, in some instances, these progenitors may function as stem cells. Given the large numbers of these cells within the intact spinal cord, it will be important to determine how they are affected by SCI.
In the present study, we used bromodeoxyuridine (BrdU) to characterize the time course and distribution of cell division in the contused rat spinal cord at the impact site (epicenter) and in rostral and caudal regions of the lesion. Then, an antibody against NG2 was used to determine whether the dividing cell population included the NG2ϩ progenitors. To characterize other proliferating cells in the injured spinal cords, immunohistochemistry for BrdU was combined with markers for microglia-macrophages and astrocytes. In addition, temporal changes in oligodendrocyte number at the lesion epicenter were determined.
MATERIALS AND METHODS
Spinal cord injur y. Adult female Fischer F344 rats (170 -180 gm) were anesthetized with ketamine (80 mg / kg, i.p.) and xylazine (10 mg / kg, i.p.) and given prophylactic antibiotic (Baytril, 1 mg / kg). Under aseptic conditions, a dorsal laminectomy was performed at the T8 vertebral process to expose the spinal cord. Animals were stabilized in a spinal frame by clamping the spinous processes of the T7 and T9 vertebral bodies, and a contusion injury was produced using the Ohio State electromagnetic spinal cord injury device (Bresnahan et al., 1987; Stokes et al., 1992) . Briefly, the computer-controlled impact probe was lowered onto the dorsal surface of the exposed spinal cord and used to rapidly displace the spinal tissue 1.1 mm. Muscles overlying the spinal cord were sutured, and the skin was closed with wound clips and covered with antibiotic spray. The animals were hydrated with 5 cc of Ringer's solution and were allowed to recover in warmed cages. Manual bladder expression was required for 10 -14 d after injury. Animals were killed at 7 (n ϭ 4), 14 (n ϭ 5), 28 (n ϭ 4), 70 (n ϭ 4), or 140 (n ϭ 6) d after injury. Four naïve animals served as noninjury controls. The 1.1 mm displacement contusion results in a moderate to severe injury for these animals. Although they recover movement in all three joints of the hindlimb, the ability to consistently step is rarely achieved. This corresponds to a score of 10 on the Basso -Beattie -Bresnahan locomotor rating scale (Basso et al., 1995) .
BrdU administration. C ellular proliferation was examined after SCI using the thymidine analog BrdU (50 mg / kg, i.p.; Boehringer Mannheim, Indianapolis, I N). Animals received a daily injection of BrdU for 7 d before being killed; thus, the proliferative response is discussed in terms of 1 week intervals.
Immunohistochemistr y. Animals were deeply anesthetized with a ketamine -xylazine cocktail and exsanguinated by intracardiac perf usion with PBS, followed by 4% paraformaldehyde. Spinal cords were removed and post-fixed in 4% paraformaldehyde for 2 hr. The tissue was placed in 0.2 M phosphate buffer overnight, followed by immersion in 30% sucrose overnight. Spinal cords were frozen on dry ice and cut into 2 mm blocks centered on the injury site. Tissue blocks were embedded in OC T compound (V W R Scientific Products, Bridgeport, NJ), cut on a cryostat at 10 m, and mounted onto slides (ColorFrost / Plus; Fisher, Pittsburgh, PA).
For BrdU immunohistochemistry, 6% hydrogen peroxide was used to quench endogenous peroxidase activity, followed by PBS rinses and incubation in 1N HC l at 37°C for 30 min. After rinsing, a blocking solution [4% BSA in 0.1% Triton-100 -PBS (BP ϩ )] was applied for 1 hr; sections were subsequently incubated in mouse monoclonal anti-BrdU (1:200 in BP ϩ ; Developmental Studies Hybridoma Bank, University of Iowa, Iowa C ity, IA) at 4°C overnight in a humid chamber. The following day, sections were rinsed and incubated with biotinylated horse antimouse IgG secondary antibody (1:400 in BP ϩ ). Tissue was processed using Elite ABC (Vector Laboratories, Burlingame, CA) for 1 hr, followed by DAB substrate (Vector Laboratories) for 10 min. Sections were dehydrated and coverslipped.
For double-labeling with NG2-BrdU or GFAP-BrdU, sections were processed for BrdU as above and then rinsed extensively in PBS. Sections were blocked with a serum -PBS solution and incubated with polyclonal NG2 antibody (1:1000; generous gift from Dr. William Stallcup, La Jolla C ancer Research C enter, La Jolla, CA) or monoclonal GFAP antibody (1:8000; Sigma, St. L ouis, MO) at 4°C overnight. Visualization was achieved by incubating with biotinylated goat anti-rabbit (1:400) or horse anti-mouse IgG (1:400), respectively. Tissue was processed using Elite ABC (1 hr; Vector Laboratories) and SG substrate for 10 min (Vector Laboratories). For double-labeling of BrdU and mouse anti-OX42 (1: 2000 in PBS; Harlan Sprague Dawley, Indianapolis, I N), the above protocol was modified such that OX42 immunohistochemistry preceded that for BrdU.
To visualize mature oligodendrocyte cell bodies, the CC1 antibody (also called APC; Oncogene Research Products, C ambridge, M A) was used. This antibody clearly labels oligodendrocyte somas without labeling myelin sheaths, which greatly facilitates cell counting. However, some labeling of Schwann cells and astrocytes was noted; thus, a protocol was developed to combine CC1 immunohistochemistry with that for P0 to label Schwann cell myelin (generous gift from Dr. Juan Archelos, Universitatsklinik f ür Neurologie, Graz, Austria) and GFAP to identif y astrocytes. Sections were preincubated in BP ϩ followed by incubation in mouse monoclonal CC1 (1:500 in BP ϩ ) at 4°C overnight. Secondary antibody (1:400) was applied for 2 hr at room temperature, after which tissue was rinsed and incubated in 6% hydrogen peroxide. Tissue was processed with Elite ABC and DAB substrate for 15 min. After thorough rinsing, the above protocol was repeated for P0 immunohistochemistry using the V I P substrate followed by GFAP immunohistochemistry using the SG substrate. Sections were counterstained with methyl green. A CC1ϩ cell was counted as an oligodendrocyte if it demonstrated round to oval morphology, little cytoplasm, and no immunoreactivity for P0 or GFAP.
Quantitation. Tissue was analyzed using a Z eiss (Thornwood, N Y) Axioplan microscope with a Sony (Tokyo, Japan) 970 three-chip color camera. For quantification, two sections from the epicenter spaced ϳ100 m apart were analyzed for each animal and then averaged. To examine proliferation occurring within the lesion extensions, cells also were quantified in sections 2 mm rostral and caudal to the impact site at which the structural integrity of the spinal cord was compromised as early as 7 d after injury, albeit much less so than at the epicenter. C ellular proliferation was determined by counting the total number of BrdUϩ nuclei in spinal cord cross-sections. Sections were digitized at low power and manually outlined using an image analysis system (MCI D; Imaging Research Inc., St. C atharines, Ontario, C anada); any cavities present in the sections were excluded from analysis. Positively labeled nuclei were counted automatically. The threshold was set such that only positively labeled profiles of the appropriate size were counted. Data are expressed as cells per section.
The total number of NG2ϩ cells and the number of those that proliferated was determined by manually counting at high power (640ϫ) all NG2ϩ cells within the cross-sections and then, on nearby sections, counting all cells double-labeled for NG2 and BrdU. Because NG2 becomes deposited extracellularly in the spinal injured tissue (our unpublished observation), cell counting was done conservatively, and an NG2ϩ profile was only counted as a cell if clearly defined borders could be detected completely around and adjacent to the entire nucleus. Because sections were only 10-m-thick and NG2ϩ cell bodies are ϳ10 m, it is likely that BrdUϩ nuclei belonged to the NG2ϩ cells in those cells counted as double-labeled. In addition, focusing through the section enabled the verification that BrdUϩ nuclei and NG2ϩ cell bodies were in focus in the same plane of section. Data are expressed as cells per section.
The number of mature oligodendrocytes in the tissue sections was determined by manually counting single-labeled CC1ϩ oligodendrocytes. This antibody does not label myelin profiles, allowing clear delineation of oligodendrocyte somas. All oligodendrocytes in each crosssection were manually counted at high power (640ϫ), and the sections were digitized and manually outlined to determine cross-sectional area. Data are expressed as cells per section.
For all analyses, control (i.e., naïve) values from spinal cord sections at T8 (site of impact in injured spinal cords) were not significantly different from those in sections 2 mm rostral and caudal; thus, these data were collapsed into one control value for each analysis. Control values were compared with the experimental groups using a one-way ANOVA, followed by a Dunnett's multiple comparison test. Significance was set at p Ͻ 0.05.
RESULTS

Cellular proliferation after spinal cord injury
The number of proliferating cells was determined by counting all BrdUϩ nuclei in epicenter cross-sections at different times after injury. In cross-sections from the impact site at 7 d after injury, most BrdUϩ cells labeled during the first week were located centrally or in the region of the former dorsal horns (Fig. 1 A) .
During this first week after injury, cell division rose 100-fold to Ͼ2800 BrdUϩ cells per section and was significantly greater compared with naïve spinal cords in which ϳ30 BrdUϩ cells were detected ( p Ͻ 0.01) (Fig. 1 B) . Proliferation in the epicenter remained elevated during the second week after injury (ϳ1800 cells per section) and declined thereafter.
Increased numbers of BrdUϩ nuclei also were found over the first week after injury in rostral and caudal regions of the lesion in which Ͼ3000 BrdUϩ cells per section were counted ( p Ͻ 0.01) (Fig. 1 B) . At this time, most dividing cells were concentrated in the region of the gray matter and the dorsal funiculus. Although cell division declined in caudal sections after the first week, it remained significantly elevated in rostral sections during the second week after injury ( p Ͻ 0.05). In fact, BrdUϩ cell numbers in rostral sections were twice those in caudal sections during this time. By the fourth week after injury, proliferation in the rostral sections was approaching control levels.
NG2 expression on progenitors, macrophages, and Schwann cells in the injured spinal cord
An antibody against the NG2 chondroitin sulfate was used to identify progenitor cells typically thought to belong to the oligodendrocyte lineage. These cells are normally found throughout the spinal gray and white matter (for an example, see Fig. 2 A, B) . Double-labeling the sections with NG2 and BrdU immunohistochemistry allowed detection and counting of proliferating progenitors (Fig. 2C ). After SCI, NG2 immunoreactivity increased throughout the lesion site (Fig. 2 D) . NG2 labeling in the injured spinal cord was not restricted to the progenitor cell population, however, but also included a subset of macrophages and infiltrating Schwann cells. These cells could be distinguished from the progenitor cells morphologically. For instance, NG2 labeling on macrophages consisted of a thin rim of immunopositivity near the cell membrane at some distance from the nucleus (Fig. 2 E, F ) . Such profiles were not included in the cell counts. NG2-labeled macrophages were occasionally observed in 7 d post-injury tissue and were more common in 14 and 28 d post-injury sections. They were rare in more chronic tissue.
Schwann cells have been shown to infiltrate the spinal cord after injury and myelinate axons therein. In the present study, a thin rim of NG2 was often noted around the peripheral edge of Schwann cells and their accompanying myelin profiles within the injured spinal cord (data not shown). However, because of their characteristic round morphology, these cells could be differentiated from the typical multipolar or bipolar morphology of the progenitor cells (Fig. 2C ).
NG2 progenitors proliferate in response to spinal cord injury
Progenitor proliferation was determined by manually counting all cells double-labeled with NG2 and BrdU antibodies in spinal cord cross-sections (Fig. 2C) . In naïve animals, minimal turnover in the NG2ϩ cell population was detected (approximately six cells per section) (Fig. 3A) ; this is consistent with the work of others showing limited turnover in these cells in normal adult rat spinal cord (Horner et al., 2000) . During the first week after SCI, the number of BrdUϩ/NG2ϩ cells within the epicenter tripled; these cells were detected throughout the epicenter cross-sections, in spared as well as lesioned tissue. At this time in rostral and caudal lesion extensions, double-labeled cells were over sixfold higher than controls (38 -40 cells per section; p Ͻ 0.01) (Fig. 3A) . By the second week after injury, double-labeled cells in the epicenter The number of dividing cells was significantly increased during the first and second weeks after injury at the epicenter. Proliferation also was elevated in rostral and caudal sections during the first week and in rostral sections during the second week after injury. Error bars represent means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01.
were 3.8-fold greater, reaching levels of 23 cells per cross-section ( p Ͻ 0.05). NG2ϩ cell proliferation remained elevated in rostral and caudal lesion extensions in which a 4.5-fold increase to 26 and 28 double-labeled cells per section was detected, respectively ( p Ͻ 0.05) (Fig. 3A) . By the fourth week after injury, NG2ϩ cell proliferation had declined in rostral and epicenter sections, but remained elevated caudally (29 cells per section; p Ͻ 0.01).
Counting the number of BrdUϩ/NG2ϩ cells provides information on the absolute number of dividing progenitor cells in injured spinal cord sections. However, because the lesion evolves and expands with time, these cell counts do not reflect the proportion of NG2 cells that are dividing. Thus, the total number of NG2ϩ cells was determined and used to calculate the percentage of the remaining NG2 cell population labeled with BrdU (expressed as a labeling index). In normal thoracic spinal cord cross-sections, the number of NG2ϩ cells was ϳ140 (Fig. 3B) . At 7 d after injury, this number had decreased 55% to 64 NG2ϩ cells per section ( p Ͻ 0.05) (Fig. 3B) , indicating that over half of the endogenous NG2ϩ cells were lost early after SCI. By the second post-injury week, the number of NG2ϩ cells had risen within the epicenter to 106 cells per section and remained stable over time. At 10 weeks after injury, the number of NG2ϩ cells in rostral and caudal sections declined to 67 and 98 cells per section, respectively ( p Ͻ 0.05 for rostral sections) (Fig. 3B) .
The labeling index of NG2 cells was calculated by dividing the number of BrdUϩ/NG2ϩ cells by the total number of NG2ϩ cells for each animal. Because BrdU was given only once per day, this labeling index is an approximate because some dividing cells may not have incorporated BrdU. During the first week after injury, the percentage of NG2ϩ cells dividing in the epicenter (30%) was significantly greater than that in controls (4%; p Ͻ 0.01) (Fig. 3C) . Thus, although the total number of NG2ϩ cells had declined during the first 7 d after injury, the percentage of those cells dividing was greater than in normal spinal cords. The labeling index also was elevated in rostral and caudal sections during the first week ( p Ͻ 0.01 and p Ͻ 0.05, respectively) (Fig.  3C) . The proliferative response remained elevated within the epicenter for at least 4 weeks after injury and declined to basal levels by 10 weeks after injury.
Proliferation of microglia, macrophages, and astrocytes after SCI
The number of proliferating NG2 cells comprises only a small portion of the BrdUϩ cells seen in Figure 1 . Previous studies using tritiated thymidine have suggested that activated microglia, macrophages, and astrocytes proliferate after SCI (Adrian and Walker, 1962). Thus, additional staining was performed to label new microglia and macrophages (OX42/BrdU) and new astrocytes (GFAP/BrdU). Double-labeling with OX42 and BrdU revealed a general overlap in the areas labeled with BrdU and OX42 (Fig. 4 A) . Examination of these sections under high power revealed many OX42ϩ macrophages with BrdUϩ nuclei within the epicenter (Fig. 4 B) . Because of the overlapping nature of these cells, quantification of double-labeled cells was not possible. In the rostral and caudal spinal cord, upregulated microglial activation and proliferation could be detected for several millimeters in otherwise normal-appearing tissue; for instance, microglial proliferation was observed in sections 1 cm distal to the epicenter at 7 d after injury (Fig. 4C,D) . Thus, the endogenous microglia several millimeters away from the impact site respond rapidly to the trauma, as indicated by altered morphology and increased proliferation.
GFAP immunohistochemistry revealed that most remaining astrocytes were located in the outer rim of spared tissue (Fig.  4 E) . Only occasional astrocytes with BrdUϩ nuclei were detected (Fig. 4 F) , suggesting that astrocyte proliferation occurs at a low level after spinal contusion injury.
Oligodendrocyte cell number is decreased by SCI
It is thought that the NG2ϩ cells play a role in generating new oligodendrocytes after CNS injury. Based on the findings in Figure 3 showing increased NG2 cell proliferation after SCI, we examined how oligodendrocyte numbers were altered in the injured spinal cord. Oligodendrocytes were identified as round or oval single-labeled CC1ϩ cells showing no immunoreactivity or association with P0ϩ myelin and no immunoreactivity for GFAP (Fig. 5A-C) .
At 7 d after injury, the number of oligodendrocytes present in epicenter cross-sections was reduced 93% to ϳ86 cells per section ( p Ͻ 0.01) (Fig. 5D) . Thus, most oligodendrocytes in the impact site were lost within the first week after injury. Interestingly, at 14 d after injury, the number of oligodendrocytes had risen threefold to reach 22% of normal levels (257 cells per section; p Ͻ 0.01 vs control) (Fig. 5D) . After that time, oligodendrocyte numbers decreased and remained at ϳ13% of controls ( p Ͻ 0.01). It should be noted that there was continual loss of spinal cord tissue for up to 5 months after injury (Fig. 5E ). This perhaps accounts for chronic cavitation as continuous loss of axon, myelin, and/or cellular debris occurs. However, by 4 weeks after injury, oligodendrocyte numbers had stabilized, and they remained constant at later times.
DISCUSSION
Cellular proliferation is stimulated in the injured spinal cord
Using BrdU, we have demonstrated that proliferation is markedly increased in the epicenter of contused rat spinal cords over the first 2 weeks after injury. Cell division was highest during the first week after injury and declined to nonsignificant levels by 4 weeks. These data are in accordance with earlier studies using tritiated thymidine, which demonstrated increased cell division acutely after SCI (Adrian and Walker, 1962; Adrian, 1968) . In the present study, many BrdUϩ macrophages were observed within the epicenter, demonstrating that these cells comprised a large proportion of the dividing cells. Within the spared white matter, low-level astrocyte proliferation was noted, as has been seen previously after SCI (Adrian and Walker, 1962) . Based on other studies, unidentified BrdUϩ cells likely also include ependymal cells, endothelial cells, and fibroblasts (Adrian and Walker, 1962; Adrian et al., 1978; Namiki and Tator, 1999) .
Increased cell division was not limited to the impact site but also occurred in the lesion extensions. Indeed, at 7 d after injury, the number of BrdUϩ cells in sections 2 mm rostral and caudal equaled that in the lesion epicenter. Interestingly, microglial proliferation was prevalent in sections up to 1 cm distal from the epicenter, suggesting that microglia throughout the spinal cord are particularly sensitive to localized traumatic events. During the second week after injury, BrdUϩ cell numbers decreased caudally but remained elevated in rostral sections. The reason for different cellular responses in these regions is not clear; however, previous studies have emphasized other rostral-caudal differences. For instance, Popovich et al. (1996) detected more extensive vascular permeability rostral to spinal contusion injuries than in caudal regions.
Possible roles for proliferating NG2؉ progenitors after SCI
Remyelination requires cell division (Blakemore and Patterson, 1978) . Because most in vivo studies suggest that mature oligodendrocytes are postmitotic (Godfraind et al., 1989; Keirstead and Blakemore, 1997; Amat et al., 1998; Carroll et al., 1998; Redwine and Armstrong, 1998) , proliferation of a less differentiated cell type likely accounts for remyelination after spinal trauma. Interestingly, Wrathall et al. (1998) demonstrated upregulated myelin transcription factor 1 after spinal contusion, suggesting an increased presence of oligodendrocyte progenitors. PDGF␣ Figure 3 . Quantification of NG2ϩ cells, NG2ϩ/BrdUϩ cells, and labeling index of dividing NG2ϩ cells within the epicenter and rostral and caudal regions of the lesion. A, Cells double-labeled for NG2 and BrdU were manually counted in cross-sections from the epicenter and 2 mm rostral and caudal after spinal contusion injury. An average of six doublelabeled cells were detected in noninjured control tissue. After SCI, there was a significant increase in double-labeled cells during the first week after injury in rostral and caudal regions of the lesion, in all three regions during the second week, and in the caudal region during the fourth week after injury. B, All NG2ϩ cells in spinal cord cross-sections were manually counted. Approximately 140 cells per section were detected in spinal cord sections from normal animals. At 7 d after injury, NG2ϩ cell numbers were significantly reduced in the epicenter to 64 cells per section. This number increased to 106 cells per section at 14 d after injury and remained stable. At 10 weeks after injury, there were significantly fewer cells within sections 2 mm rostral to the impact site (67 cells per section). C, The labeling index of NG2ϩ cells was determined by dividing the number of cells doublelabeled for NG2 and BrdU by the total number of NG2 cells for each animal. In naïve animals, ϳ4% of NG2ϩ cells were double-labeled with BrdU, indicating a low turnover normally in this cell population. During the first week after injury, proliferation of these cells was significantly elevated within the epicenter and rostral and caudal regions of the lesion. This proliferation remained elevated within the epicenter until at least 4 weeks after injury and returned to baseline levels by 10 weeks after injury. Error bars represent means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01. receptor-positive oligodendrocyte progenitors have been shown to coexpress NG2 in vivo (Nishiyama et al., 1996) . Because in vitro work has shown that NG2ϩ cells can differentiate into oligodendrocytes (Stallcup and Beasley, 1987) , we examined whether the NG2ϩ cell population was included in the pool of cells dividing in the injured spinal cord. Indeed, NG2ϩ cell proliferation was significantly upregulated during the first week after injury and maintained at least through the next 3 weeks, which is a surprising finding given that proliferation in general had declined by this time.
This time course of NG2ϩ cell proliferation parallels the time of demyelination and remyelination. Several studies examining the status of myelination after SCI demonstrated demyelination over the first 7 d after injury, followed by a period of remyelination that was mostly complete within 2-4 weeks (Gledhill et al., 1973; Harrison and McDonald, 1977; Griffiths and McCulloch, 1983; Blight, 1985) . Interestingly, NG2ϩ cells are known to proliferate in response to demyelination (Carroll et al., 1998; Keirstead et al., 1998 ). Thus, it is possible that surviving NG2ϩ cells were induced to divide early after injury by denuded axons within the injury site in an effort to increase the pool of oligodendrocytes available for remyelination. However, factors present within the injured spinal cord responsible for stimulating NG2ϩ cell proliferation at this and later times, i.e., 2-4 weeks after injury, remain to be definitively determined. Nevertheless, this timing of NG2ϩ cell proliferation suggests a possible role for these cells in remyelinating the injured spinal cord.
Although we did not determine whether NG2 cells differentiated into mature oligodendrocytes, studies using markers specific to different stages of the oligodendrocyte lineage suggest that these oligodendrocyte progenitors can differentiate in vivo (Warrington and Pfeiffer, 1992; Reynolds and Hardy, 1997) . Furthermore, when prelabeled progenitor cells were transplanted into demyelinated lesions in the spinal cord, they were able to divide, migrate, and differentiate into myelinating oligodendrocytes (Groves et al., 1993; Franklin et al., 1995) . This, along with in vitro studies demonstrating that NG2ϩ oligodendrocyte progenitors can differentiate into mature oli- godendrocytes (Stallcup and Beasley, 1987; Nishiyama et al., 1999) , suggests that such cells may be important in replacing oligodendrocytes lost after C NS trauma.
It should be noted, however, that NG2ϩ cells may have additional functions in the CNS. Recent in vivo work has revealed that cells of this lineage can receive direct synaptic contacts, send processes to nodes of Ranvier and into synaptic clefts, and intermingle with activated microglia (Nishiyama et al., 1997; Butt et al., 1999; Ong and Levine, 1999; Bergles et al., 2000) . Furthermore, a recent study demonstrated that isolated oligodendrocyte progenitor cells can be induced to generate neurons in addition to oligodendrocytes and astrocytes and therefore may be a type of stem cell (Kondo and Raff, 2000) . Thus, NG2ϩ cells may play important roles in the normal as well as pathological CNS, which include but are not limited to oligodendrocyte replacement. Accordingly, Keirstead et al. (1998) have suggested that NG2 cells within the CNS are a heterogeneous population. In their study, cells induced to proliferate in response to spinal cord demyelination were killed by x-irradiation. The results revealed an ϳ50% reduction in the number of NG2 cells in the x-irradiated region, suggesting that only half of the NG2 cells in the vicinity of the demyelinated lesion underwent mitosis. Using a model of spinal contusion injury and daily BrdU injections, we have determined that ϳ30% of the surviving NG2 cells were induced to proliferate. The role of nonproliferating NG2 cells in the intact and injured CNS remains to be determined.
Oligodendrocytes are lost early after SCI at the epicenter
Previous work has shown that, after SCI, oligodendrocyte numbers in the surviving ventral funiculus are not significantly altered (Frei et al., 2000) . However, oligodendrocyte apoptosis occurs throughout the injured spinal cord (Li et al., 1996; Crowe et al., 1997; Liu et al., 1997) , and the issue of replacement of dying oligodendrocytes remains. Thus, we counted the total number of oligodendrocytes present in cross-sections from injured spinal cords at several times after injury. Within the epicenter, 93% of the oligodendrocytes were lost by 7 d. At this time, significant tissue necrosis and massive macrophage accumulation are obvious with this model of SCI (Popovich et al., 1997) . Interestingly, a recent paper examining oligodendrocyte loss in multiple sclerosis plaques revealed that decreased oligodendrocyte cell number was highly correlated with increased numbers of macrophages (Lucchinetti et al., 1999) . In addition, several reports have demonstrated that macrophages can be toxic to oligodendrocytes (Matyszak and Perry, 1995; Matyszak et al., 1997; O'Leary et al., 1998) . Because macrophage accumulation was significant by 7 d after injury, it is possible that these cells, or a subset thereof, were involved in oligodendrocyte loss. In a recent report by Popovich et al. (1999) , clodronate liposomes were used to deplete peripheral monocytes acutely after rat SCI. In these animals, white matter sparing was significantly increased, suggesting that peripherally derived macrophages are deleterious to surviving oligoden- Figure 5 . Oligodendrocyte numbers are drastically reduced early but are maintained chronically in the injured spinal cord. A-C, E xamples of triple-label immunohistochemistry for CC1 (brown), GFAP (black), and P0 ( purple) used to count oligodendrocytes. Sections are from lesion epicenter at 28 d after injury and are counterstained with methyl green. Scale bars, 5 m. A, Several single-labeled oligodendrocytes (brown; arrowheads) and one astrocyte (black; arrow) are visible. Image taken from lateral white matter. B, E xample of GFAPϩ astrocyte double-labeled with CC1. Image from dorsolateral edge of white matter. C, Image taken from lateral white matter in a region in which several Schwann cells with P0ϩ myelin were visible. In this field, two Schwann cells were clearly double-labeled with CC1 and P0 (arrows), whereas one Schwann cell was single-labeled for P0 (arrowhead). D, Quantification of oligodendrocytes singlelabeled with CC1 in epicenter crosssections. At 7 d after injury, oligodendrocytes were significantly reduced by 93% compared with sections taken from normal spinal cords at T8 (which contained 1165 Ϯ 113 oligodendrocytes). The number of oligodendrocytes remained significantly lower than controls as late as 5 months after injury. However, between 7 and 14 d after injury, oligodendrocyte numbers increased more than threefold. E, Quantification of cross-sectional area of epicenter sections at different times after injury. Digitized sections were manually outlined and cavities were excluded such that only the remaining tissue area was measured. A continual loss of spinal cord tissue for at least 5 months after injury was detected.
drocytes and may be a contributing factor to the loss of these cells early after SCI.
At 14 d after injury, the average number of oligodendrocytes within epicenter cross-sections was 257, a threefold increase from the previous week. The mechanism for this increase is not known, but it is possible that they were derived from NG2ϩ progenitor cells that proliferated during the first week after injury. Approximately 20 NG2 cells with BrdU nuclei were detected in epicenter sections at 7 d after injury. Assuming that most of the dividing NG2 cells were labeled, three doublings of this population would have to occur between 7 and 14 d after injury to account for the threefold increase in oligodendrocytes. Previous in vitro work has revealed that adult oligodendrocyte progenitors have a cycle time of 65 hr and require Ͼ5 d to differentiate into mature oligodendrocytes (Wolswijk and Noble, 1989) . Therefore, if NG2ϩ cell proliferation and differentiation accounted for the rise oligodendrocytes during the second week after injury, the rate of proliferation and differentiation may have been accelerated by the injured spinal cord environment and/or there may have been incomplete labeling of all proliferating cells with the currently used protocol of one BrdU injection per day.
Between 14 and 28 d after injury, the number of oligodendrocytes was reduced ϳ50%. Because remyelination is thought to be mostly complete by 28 d, it is possible that extra oligodendrocytes generated at 2 weeks after injury did not encounter bare axons and were eliminated, similar to what occurs developmentally. This reduction in oligodendrocytes occurred, although elevated NG2ϩ cell proliferation was maintained during this time. This further suggests that the role of NG2ϩ cells in the injured CNS may not be exclusively limited to oligodendrocyte genesis. This is especially intriguing given that, during this time of elevated NG2 cell proliferation, the total number of NG2ϩ cells did not change; the fate of these dividing cells is currently unknown. At later times, i.e., 28 -140 d after injury, the number of oligodendrocytes remained steady, even as the cross-sectional area of the epicenter decreased because of ongoing tissue cavitation. This maintenance of oligodendrocytes may be attributable to a halt in their death and/or continued differentiation and replacement by progenitor cells.
Conclusions
Proliferation of NG2ϩ progenitors can be added to the growing list of endogenous repair processes initiated in the injured spinal cord. The present data suggest that a window of several weeks exists after SCI in which the endogenous NG2ϩ cells proliferate. Given the putative stem cell activity and potential remyelinative roles of these cells, a greater understanding of their functions and fate in the injured CNS is imperative.
